]. These properties have made Pi2 a valuable timing tool in substorm studies, but this does not mean that the physics of Pi2 is well understood. In fact there are competing ideas on the origin of Pi2 pulsations as described later, and observational and theoretical studies of Pi2 are abundant. In this paper we will study the source mechanism of Pi2 pulsations observed below L -4. These pulsations, which we will simply refer to as Pi2s, exhibit a large latitudinal and longitudinal extent and can be distinguished from their high-latitude counterparts, which are more localized and have different spectral characteristics [Yumoto, 1986] . The oscillatory nature of Pi2 pulsations has-often been attributed to magnetohydrodynamic (MHD) resonances, or standing waves, in the magnetosphere. In the MHD description of magnetospheric plasmas both shear Alfv4n waves and compressional fast-mode waves can produce standing waves provided reflection of the wave energy is efficient. The standing waves, either AlfvEnic or magnetosonic, can be excited by impulsive sources. For Alfv4n waves, which are guided along the background magnetic field, the ionospheric conductivity regulates the reflection coefficient, hence the damping rate (or the Q value) of standing modes [Newton et al., 1978; Takahashi et al., 1996] . The presence of standing AlfvEn waves is observationally established beyond doubt. For fast-mode waves, which propagate isotropically, both the ionospheric conductivity and the radial gradient in the Alfvdn velocity control the damping of standing modes [Fujita and Glassmeier, 1995] . Observational evidence for the standing waves is not as strong as for the Alfv6n waves. In addition to these standing waves, surface waves on a sharp density gradient can be excited by impulsive sources and have been considered as a mechanism for Pi2 pulsations [Sutcliffe, 1975] . Among these MHD modes, standing fast-mode waves in the plasmasphere (plasmaspheric cavity mode) are the most frequently suggested source for low-latitude Pi2 pulsations [Saito and Matsushita, 1968 • is defined to be zero at the inner boundary (i.e., the ionosphere or the ground). If the radial boundaries are held rigid, the field line displacement is zero (E,. = 0) there, but B z has an antinode. The node of B. occurs at the middle of the two boundaries.
At this point it is appropriate to introduce the concept of poloidal and toroidal modes, to organize observations and relate them to theory and model. In the case of azimuthal symmetry (m = 0, where rn is the angular azimuthal wave number), a dipole magnetosphere can sustain decoupled poloidal and toroidal modes [Radoski and Carovillano, 1966; Kivelson et al., 1984] . The po!oidal modes involve radial motion of field lines, which means that the relevant field components are the magnetic field radial (Bx) and compressional (Bz) components and the electric field azimuthal (Ey) component. Because of the presence of the B z component, the modes are basically fast-mode waves. In the presence of reflecting boundaries the poloidal mode becomes a cavity mode (introduced earlier). The radial structure of Ey and B z for a fundamental cavity mode in a simple box magnetosphere is illustrated in Figure 1 . In contrast, the toroidal modes are azimuthal oscillations of field lines, which means that the relevant components are the magnetic field azimuthal (By) component and the electric field radial (E0 component. Because the toroidal modes do not cause compression of the flux tubes, they are shear Alfv6n modes.
A mechanism not requiring MHD resonances has also been proposed. Kepko and Kivelson [1999] reported that the temporal variations of an earthward bursty bulk flow (BBF), observed by the ISEE 2 spacecraft in the magnetotail at X = -17 RE, matched the magnetic field oscillations observed at geosynchronous satellites and on the ground. Consequently, Kepko and Kivelson [1999] proposed that Pi2 pulsations were directly driven by the plasma flow. As the plasma flow brakes in the near-magnetotail, it sends a fast-mode wave toward the Earth and the wave propagates to the ground. This external mechanism does not require the plasmasphere to be a high-Q cavity so it is consistent with the Akebono observation [Osaki et al., 1998 ], which showed that the Poynting flux of Pi2 waves directed toward the ionosphere could heavily damp cavity mode waves.
Given these different scenarios for Pi2 it is important to investigate how wave properties differ between the plasmasphere and the plasmatrough. Plasmaspheric cavity modes will be observed only in the plasmasphere and will exhibit characteristic eigenmode structures as illustrated in Figure 1 . By contrast, BBF-driven waves will be observed both inside and outside the plasmasphere. There have been satellite observations of Pi2-band waves near the average plasmapause location and simulation studies of MHD eigenmodes both inside and outside the plasmasphere [e.g., Allan and McDiarmid, 1989 ], but few studies observationally compared plasma density with the properties of the waves. In a previous study using fields and density data from the Combined Release and Radiation Effects Satellite (CRRES), Takahashi et al.
[1999a] examined a Pi2 pulsation observed both inside and outside the plasmaspheric plasma. However, the plasma was apparently detached and the interpretation of the observation was somewhat ambiguous. In the present study we extend the previous CRRES study by employing spectral analysis techniques and focusing on a comparison between events in the plasmasphere and in the plasmatrough. On the orbit selected for study the plasmapause was well defined, facilitating a straightforward comparison of observations with existing models of Pi2 pulsations. We show that Pi2-band waves are present both inside and outside the plasmasphere but that ground-satellite coherence is persistently high only when the satellite is in the plasmasphere. We also show that the field polarization and the cross phase and coherence between field components strongly depend on the location of the satellite. This result is consistent with a previous magnetic field-only statistical study [Takahashi et al., 1995] that suggested low-latitude Pi2 pulsations originate from a fastmode wave confined in the inner magnetosphere.
The organization of the paper is as follows. Section 2 describes satellite and ground experiments. Section 3 describes the data analysis. As we go through the events, we will compare the observations with Pi2 models, whenever appropriate. 
Experiments and Data Set
The CRRES spacecraft was launched on July 25, 1990, into an elliptical orbit with an initial perigee altitude of 350 km and an apogee of 6.3 R•r geocentric. The orbit had an inclination of 18 ø and a period of-10 hours. The spin axis of the satellite pointed to the Sun (within 15ø), and the spin period was -30 s. The satellite remained operational until October 12, 1991. In this study we use data acquired by the fluxgate magnetometer [Singer et al., 1992] , the electric field experiment , and the plasma wave experiment . The electric field experiments consisted of spherical and cylindrical sensors. We used data from the cylindrical sensors.
The CRRES electric and magnetic field data used in this study are spin (-30 s) averages sampled at half a spin period (-15 s). The original data were provided in the Modified Geocenttic Solar Ecliptic (MGSE) coordinates in which ex is the direction of the satellite spin axis pointing toward the Sun, and ey and e z are in the satellite spin plane, with ey pointing Magnetometer data from the Kakioka station [Yanagihara et al., 1973] [Troitskaya, 1967] .
The selected orbit 503 (February 17, 1991) was one of a few fortuitous orbits suited for studying Pi2 pulsations. On this orbit the quality of field data was high, and a series of Pi2 events occurred as the spacecraft moved from the plasmasphere to the plasmatrough. The Kakioka station was ideally located on the nightside with a small (<2 hours) longitudinal separation from CRRES. The plasma density indicates that the spacecraft moved across the plasmapause. CRRES was in the plasmasphere from the beginning of the plot (1000 UT) to -1250 UT. From 1250 to 1335 UT the spacecraft made an oscillatory crossing of the plasmapause. We cannot determine whether the density oscillation is a spatial or temporal effect. It is likely, though, that the overall crossing of the plasmapause was the result of a temporal change in the magnetospheric convection electric field. From 1335 to 1550 UT the satellite was in the plasmatrough. 
Observations in the Plasmatrough
The third example selected for analysis is event F (1425-1500 UT), which was observed when CRRES was in the plasmatrough. The electron density was in the range 1.7-2.7 cm -3. At the middle of the event the spacecraft was lo- The magnetic field at CRRES exhibits two wave packets, one starting at 1430 UT and the other at 1445 UT. In both wave packets the magnetic field shows mixed compressional and transverse components. Wave packets were also observed on the ground. The first one started at 1430 UT, simultaneous with the first magnetic field wave packet seen at the spacecraft. This oscillation lasted only two to three cycles. The second one occurred at 1437 UT, but it had no clear corresponding onset at CRRES. This oscillation lasted over 10 cycles (in H). interval is low (bottom panel) and it is impossible to obtain meaningful cross phase at the frequency of the peak in the power spectra. It must be noted that in order for two signals to produce high coherence both the phase delay and amplitude ra- [Takahashi et al., 1999a], the CRRES-Kakioka coherence was ambiguous for the one event that was observed when CREES was in the plasmatrough because the oscillation did not last long. In the present case, the oscillations lasted many cycles so it is possible to examine whether there is any clear cycle-bycycle correspondence between CREES and Kakioka. We note that Yeoman et al. [1990] examined the Pi2-band electric and magnetic field oscillations at geostationary orbit and their relation to low-latitude (L < 3) Pi2 pulsations. They came to the qualitatively same conclusion as ours: the waves at geostationary distance were standing along the magnetic field and their spectral content differed significantly from that of the low-latitude Pi2 pulsations. Our conclusion regarding ground-satellite comparison of the waveform is that when CREES is outside the plasmasphere the waveforms do not match well. Matching can occur, but it is short-lived. Long-lasting matching, like the example shown in Figure 8 cantly with geomagnetic activities and location. Thus it is impossible to determine the ion species from our observations. However, our estimate is close to the value 2H + assumed by Moore et al. [1987] to derive a model of the spatial variation of the MHD wave velocities.
It is difficult to attribute the simultaneously present poloidal components to a simple wave mode. Figure 15 
Discussion
Combined plasma density and electromagnetic fields from CRRES indicate that both the local electromagnetic field properties and ground-satellite coherence depend on the spacecraft's position relative to the plasmapause.
Wave Mode in the Plasmasphere
When the spacecraft is in the plasmasphere, the azimuthal electric field Ey is coherent with both B z at CRRES and H at In the present study, high-coherence ground-satellite events were observed at L-6 but this does not contradict the previous AMPTE/CCE study [Takahashi et al., 1995] that demonstrated high ground-satellite coherence occur at L < 5. We believe that the difference originates from the difference in the plasmapause position between the two studies. With plasma density observations we can unambiguously identify that our high-coherence events occurred in the plasmasphere. It is well known that the plasmapause is located at L-4 under average geomagnetic conditions and moves out to L-6 when the geomagnetic activity is low [Chappell et al., 1970] . The large plasmapause distance for our events can be explained by the expansion of the plasmasphere during low geomagnetic activity. As indicated in Figure 2 , the CRRES plasmaspheric event D was associated with an AL (-AE) change of a mere -70 nT. In the AMPTE/ CCE study, plasma data were not available, but we believe that Pi2 events in that study occurred under moderate to strong geomagnetic activity, that is, when the plasmapause was near L = 4 or closer to the Earth. The reason is that all the AMPTE/ CCE events were selected from times when AE changed by more than 100 nT.
Is There Evidence for BBF-driven
Pi2?
One of the motivations for the present study was a recent study suggesting that Pi2 is a forced oscillation originating from oscillatory BBFs [Kepko and Kivelson, 1999] Alternatively, the poloidal oscillations can be caused by wave-particle interaction. It is well known that large m pulsations with strong poloidal components can be excited if there is a population of energetic particles with a strong gradient in the coordinate or velocity space [Southwood, 1976] . When the plasma pressure is high, the oscillation can become highly compressional. These wave properties have been reported in the 
